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Abstract

Morphological location of the sex pheromone producing area in the ovipositor of the female corn earworm Helicoverpa zea, was correlated

with gas chromatographic analysis of the extracted pheromone. Histological studies showed that the pheromone gland occupied an almost

complete ring of specialized columnar cells between the 8th and 9th abdominal segments. Ultrastructure of the pheromone gland cells

revealed distinct features such as microvilli, pockets of granular material, intercellular canals with abundant desmosomes. Apparent changes

in some of these features are associated with phases of pheromone production and non-production. Examination of the tissue with low

temperature scanning electron microscopy showed the presence of excreted droplets at the tips of cuticular hairs in the glandular area during

the period of pheromone production. Published by Elsevier Science Ltd.
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1. Introduction

Females of most moths produce species-speci®c sex

pheromones in specialized glands, generally located on

the terminal abdominal segments that constitute the

ovipositor. Percy-Cunningham and MacDonald (1987)

identi®ed the pheromone glands of female moths repre-

senting 16 families and studied their structural charac-

teristics. The majority of the species examined belong

to the family Noctuidae. Among the Heliothinae,

morphology and histology of the pheromone glands

were studied in Heliothis virescens and Helicoverpa

zea (Jefferson et al., 1968; Aubrey et al., 1983; Teal

et al., 1983; Percy-Cunningham and MacDonald 1987).

Percy-Cunningham and MacDonald (1987) reported on

ultrastructural features of the gland in H. zea. A more

complete ultrastructural study of the pheromone glands

was conducted in Choristoneura fumiferana (Percy,

1974) and Trichoplusia ni (Percy, 1979). In the latter

case, the author also attempted to correlate ultrastruc-

tural changes to production and release of pheromone.

In spite of all these studies questions remain unanswered.

Although, the general position of the pheromone gland is

described no de®nitive information exists about the extent

of the glandular area. Additionally, no attempts have corre-

lated actual pheromone titers with structural changes and

very little is known about areas associated with pheromone

release.

Sex pheromone in H. zea is a blend of four components,

with (Z)-11-hexadecenal comprising over 90% (Klun et al.,

1979). Raina et al., 1986 demonstrated the diel periodicity

of pheromone production in H. zea and the involvement of a

neuropeptide hormone in the regulation of pheromone

production in this and other species of moths (Raina et al.,

1989). These studies indicated that pheromone production

could be experimentally manipulated in H. zea females, and

thus correlated with ultrastructural changes in the gland

during pheromone production. In the present study, phero-

mone titer in various sections of the ovipositor were deter-

mined with greater precision by gas chromatographic

analysis and compared to histological preparations. In addi-

tion, transmission electron microscopy and low temperature

scanning electron microscopy were used to observe

morphological features and to determine if structural

changes could be correlated to pheromone production and

release.
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2. Materials and methods

2.1. Insect rearing

H. zea eggs were obtained from a laboratory culture at

Stoneville, MS. The resulting larvae were reared on arti®cial

diet, and maintained in environmental chambers at 16 L

(268C): 8 D (228C) and 60±65% RH. Male and female

pupae were placed in separate chambers for adult

emergence. Adults were provided 10% sucrose solution

for feeding.

2.2. Pheromone determinations

Intact females taken during second photophase and neck-

ligated females were used as the source of pheromone-less

glands. Intact females taken during third scotophase or

ligated females injected with 5 pmol pheromone bio-

synthesis activating neuropeptide (PBAN) 2±3 h before

excising the ovipositor, provided glands with pheromone.

Ovipositors (8th and 9th abdominal segments) were excised

from the above females and extracted in heptane containing

an internal standard. The extracts were analyzed by gas

chromatography (Raina et al., 1986). Five ovipositors

from scotophase females were each cut into three parts as

shown in Fig. 1(a). Each part was individually extracted and

analyzed for pheromone. Finally the middle part was further

sliced into dorsal and ventral portions and each portion

analyzed for pheromone.

2.3. Histology

Retracted and fully extended (by applying slight pressure

on the abdomen) ovipositors from females in both photo-

phase and scotophase were ®xed in aqueous Bouin's ®xa-

tive. After dehydration, the specimens were embedded in

wax and serial sectioned. Sagittal and cross sections, 6 mm

thick, were stained with Mallory's triple stain and examined

with an Olympus BX60 microscope.

2.4. Low temperature scanning electron microscopy

Ovipositors of photophase and scotophase females were

excised and attached to a copper specimen holder with a

cryo-adhesive (Tissue Tek, Ted Pella Inc., Redding, CA).

The holders were plunged into liquid nitrogen and then

cryo-transferred under vacuum to a cold stage in the pre-

chamber of an Oxford CT-1500 HF Cryosystem. The frozen

specimens were etched for about 10 min in the pre-chamber

by raising the temperature of the stage to 2908C. Next the

temperature was lowered and the samples were sputter

coated with platinum and then transferred to the cryo-

stage in a S-4100 ®eld emission SEM (Hitachi Scienti®c

Instuments, Mountain View, CA) for observation.

Accelerating voltages of 10±15 kV were used to view the

specimens.

2.5. Transmission electron microscopy

Small sections (1±2 mm2) were cut from the pheromone

gland area, located on the ventral side of the ovipositor and

prepared for electron microscopy as previously described

(Wergin and Endo, 1976). Brie¯y, dissected tissue was

placed in buffered 3% glutaraldehyde (0.05 M phosphate

buffer, pH 6.8) at 228C for 2 h. Following primary chemical

®xation, the samples were washed for 1 h in six changes of

the buffer, post-®xed in buffered 2% osmium tetroxide for

2 h, rinsed in buffer, dehydrated in an acetone series, and

in®ltrated with Spurr's low viscosity embedding medium

(Spurr, 1969). In an attempt to optimize the chemical ®xa-

tion and resin in®ltration two variations of this procedure

were also used. First, microwave irradiation was performed

in a domestic Amana Microwave Oven (Amana Refrigera-

tion, Inc., Amana, IO) at 500 W. A beaker containing

400 ml of distilled water was placed in the rear of the

oven to act as the heat sink. Vials containing dissected tissue

in the 3% buffered glutaraldehyde were irradiated con-

tinuously at a 'high' setting for 30 s and then transferred

to fresh ®xative at room temperature. All subsequent

washing, post-®xation, dehydration and in®ltration was

done as described above. Secondly, tissues were ®xed in a

mixture of 3% glutaraldehyde, 1.5% formaldehyde and

1.5% acrolein in 0.1 M sodium cacodylate buffer (EM

Sciences, Ft. Washington, PA). Following ®xation, the

samples were washed in two changes of the cacodylate

buffer, post-®xed for 1 h in 1% Sorenson's phosphate

buffered osmium tetroxide, washed in buffer, dehydrated

in an alcohol series and in®ltrated in Spurr's medium as

described above.

Silver-grey sections of selected areas of the tissue

were cut on a Reichert/AO Ultracut (Leica, Deer®eld,
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Fig. 1. (a) Schematic drawing of lateral view of the extended ovipositor of Helicoverpa zea female showing the three sections (I, II and III) and dorsal (D) and

ventral (V) regions of section II, extracted for pheromone, stippled areas indicate heavily sclerotized cuticle; (b) SEM micrograph of ventral surface of the

ovipositor (8th and 9th abdominal segments) showing the three sections corresponding to those in a; (c±i) Various regions (marked in b) showing size, density

and orientation of cuticular hairs. Inset in g shows bifurcated hairs.

Table 1

Pheromone content in various sections of the ovipositor of H. zea. Female

as shown in Fig. 1(a).

Ovipositor section Pheromone (ng)

average ^ SD

(N� 5)

I 7.6 ^ 2.8

II 40.7 ^ 13.4

III 9.9 ^ 2.6

II D (dorsal) 21.7 ^ 7.6

II V (ventral) 24.2 ^ 5.9
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Fig. 2. Light micrographs of ovipositor and pheromone gland: (a) Longitudinal section of fully extended 8th and 9th segments showing pheromone gland (PG)

cells in both dorsal and ventral areas (vertical line indicates the segmental divide); (b) large columnar cells in ventral part of the gland; (c) longitudinal section

through retracted ovipositor; (d) cross section through 9th segment showing an almost continuos ring of glandular cells; (e) PG cells in the convoluted portion

of the 9th segment. A� anus; BM� basement membrane; C� cuticle; CH� cuticular hair; N� nucleus; OP� ovipore; PGC� pheromone gland cell;

R� retractor muscle.

Fig. 3. TEM micrographs showing details of PG cells: (a) Columnar gland cells of a photophase female showing large nuclei (N) and a compact layer of

microvilli (MV); (b) cells in photophase show large number of small vesicles; (c) columnar gland cells of a scotophase female showing large basal nuclei,

pockets of granular material (GM), microtubules (Mt) and desmosomes (D). T� tracheoles.
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IL) microtome with a Diatome (Diatome US, Fort

Washington, PA) diamond knife and mounted on 400

mesh grids. The sections were stained with 2.5% uranyl

acetate in a 50/50 ethanol/water solution for 1 h, then

with 3% lead citrate for 5 min. Thin sections were

viewed in either a Hitachi H-500 or a Hitachi H-7000

transmission electron microscope operating at 75 kV

with a 30 mm objective aperture. Images were recorded

on Kodak ®lm using a 2 s exposure. A total of 26 tissue

samples representing pheromone producers and non-

producers were examined.

3. Results

3.1. Pheromone gland location and morphology

Gas chromatographic analysis of extracts of the ovi-

positor (8th and 9th abdominal segments) of two day old

H. zea females during scotophase indicated the presence of

.100 ng of pheromone. During the corresponding photo-

phase, the titer was generally ,1 ng. Dividing the ovi-

positor into three regions (Fig. 1(a)), and analyzing

extracts from each, indicated that an average of 69.9% of

the total pheromone was present in the middle section

(Table 1). Regions I and III had 13.0 and 17.1% pheromone,

respectively. When region II was divided into dorsal and

ventral parts and pheromone titer in each part determined,

the dorsal part had an average of 47.2% and the ventral

52.8%. Based on these results, the pheromone gland in

H. zea is present between the 8th and 9th abdominal

segments and occupies both dorsal and ventral regions.

Low temperature SEM of the 8th and 9th segments

showed that the latter segment, in particular the ventral

surface, was highly convoluted (Fig. 1(b)). The ventral

median region of the 9th segment had cuticular hairs

which were as long as 16 mm and pointed posteriorly

(Fig. 1(c)). The hairs gradually shortened towards the inter-

segmental area, and were laterally directed along the ridges

(Fig. 1(d)). At the ridge, marking the junction of the two

segments, the hairs were very short and pointed in different

directions (Fig. 1(e)). Anterior to this region, the hairs

lengthened but pointed anteriorly (Fig. 1(f)). In the mid-

ventral region of the 8th segment, several smaller ridges

formed a star shape. The hairs in this region varied in length,

pointed in different directions and some had a bifurcated

structure (Fig. 1(g)). From this region to the junction

between the 8th and 7th segments, the hairs gradually

became shorter and more sparse; all of them pointed

posteriorly (Fig. 1(h,i)).

3.2. Histology

Sagittal sections of a retracted ovipositor indicated two

folds: the 9th segment was almost completely covered by

the 8th segment and the two telescoped segments were

covered dorsally by the 7th segment (Fig. 2(c)). In an

extended ovipositor, the 8th and 9th segments became

fully exposed (Fig. 2(a)). The putative pheromone gland

cells appeared as an almost continuous ring having two

short breaks in the mid-lateral region (Fig. 2(d)). These

cells were most prominent around the base of the fold

between the 8th and the 9th segments, and this area had

no direct exposure to the outside while the ovipositor was

retracted. Extensive convolutions of the dorsal and ventral

surfaces were evident in cross sections of the 9th segment

(Fig. 2(e)). Pheromone gland cells consisted of a single

layer of two types of cells; one type comprised of large

columnar cells, about 25±30 mm long and 12±15 mm

wide, had prominent spherical nuclei located at their bases

(Fig. 2(b)). Some of these cells in scotophase females

contained electron opaque spherical bodies. Cells of the

second type, which were present in the depressions of the

folds, were narrower and had smaller lobed nuclei

(Fig. 2(e)). The cuticle was covered with cuticular hairs or

spines, with the longer hairs facing in the same direction

when the ovipositor was fully retracted.

3.3. Ultrastructure

The larger cells in the ventral part of the pheromone gland

had large round nuclei located in the basal region (Fig. 3(a)).

The cells had a characteristic layer of microvilli just beneath

the endocuticle. The endocuticle and the epicuticle had 12±

13 and 7±8 lamellae, respectively. The epicuticle was more

dense than the endocuticle. During photophase, cells of the

pheromone gland became highly vesiculated with smaller

vesicles accumulated just below the microvilli (Fig. 3(b)). A

thin layer of electron opaque material accumulated at the

tips of the microvilli next to the endocuticle. No obvious

Golgi bodies were observed in these cells. During scoto-

phase, pockets of granular material appeared throughout

the cell region including within the microvilli (Fig. 3(c)).

The cytoplasm was very rich in rough endoplasmic reticu-

lum and mitochondria. In addition, intercellular canals with

distinct desmosomes were of common occurrence. No elec-

tron opaque band between the microvilli and the endocuticle

was present in scotophase cells.

The narrow cells of the gland also had prominent nuclei

(Fig. 4(a)). Basal portions of these cells showed invagina-

tions that appeared to arise from the basement membrane
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Fig. 4. (a) Columnar cells in the convoluted area of PG in a photophase female showing irregular shaped nuclei and large number of inter- and intracellular

canals (arrows), a large number of autophagic bodies (lysosomes) are also seen; (b) some of these canals have a beaded appearance (arrows); (c) during

scotophase these cells have numerous desmosomes (arrows) and rough endoplasmic reticulum. BM� basement membrane; C� cuticle; L� lipid sphere.
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and continued as inter- and intracellular canals towards the

apex of the cell. Some of these canals contained electron

opaque granules that appeared to accumulate towards the

apex of the cell (Fig. 4(b)). The cytoplasm of these cells had

numerous mitochondria and free ribosomes and a few lipid

droplets besides a number of autophagic bodies or lyso-

somes. Apically the cells exhibited the layer of microvilli,

similar to that in the larger cells. In scotophase, numerous

desmosomes associated with the intracellular canals became

prominent (Fig. 4(c)).

The cuticular hairs, which were extensions of the epi-

cuticle, had a hollow core and many pore canals (Fig.

5(a,b)). Short-®lamentous material also appeared in the

central cavity of the cuticular hairs and in the pore canals

(Fig. 5(b)). In narrow folds of the cuticle, the cytoplasm,

particularly the apical microvilli, was found in the cavity

formed by the endocuticle (Fig. 5(c)).

3.4. Pheromone release

Low temperature SEM revealed the presence of small

globules of secretion, at the bases and at the tips of many

of the cuticular hairs (Fig. 5(d)). These secretions were

observed only in the ventral intersegmental area between

the 8th and the 9th segments, and only during scotophase.

4. Discussion

Gas chromatographic determination of pheromone

content in various sections of the ovipositor of H. zea

females revealed that the bulk of the pheromone producing

area occupied the adjoining sections of the 8th and 9th

segments. Histology of this area showed a single layer of

columnar cells that formed an almost continuous ring just

below the cuticle. Both dorsal and ventral surfaces in this

area had extensive convolutions that were more prominent

in the 9th segment. At the ultrastructural level the phero-

mone gland cells showed characteristic apical microvilli. In

females that were producing pheromone, these cells

contained pockets of granular material and inter- and intra-

cellular canals with distinct desmosomes. The cuticular

hairs had a hollow core and many pore canals. We speculate

that pheromone or its immediate precursor, produced in the

glandular cells, is transported through the cuticle on to the

cuticular hairs. During calling, the area of the ovipositor

bearing the pheromone gland is extruded and exposed to

the outside. Presence of extensive convolutions and cuticu-

lar hairs increases the surface area to facilitate the evapora-

tion of the pheromone. When the pheromone is dissipated,

the ovipositor is retracted thereby `squeezing' more phero-

mone onto the exposed surface, followed by another exten-

sion. This sequence is repeated throughout the period of

calling.

The pheromone gland in most species of moths had been

referred to either as a single layer of columnar cells located

in the ventral region, as distinct areas in both ventral and

dorsal regions or as a continuos ring. Variations seen in the

lepidopteran families were described by Percy-Cunningham

and MacDonald (1987). In H. zea, the pheromone gland was

found in the intersegmental membrane between the 8th and

9th abdominal segments (Jefferson et al., 1971; Aubrey et

al., 1983; Percy-Cunningham and MacDonald, 1987). The

structure was also erroneously referred to as a ring gland.

Based on male activation assays, Srinivasan et al. (1986),

reported that 81% of the activity in the navel orange worm,

was present in the intersegmental region of the 8th and 9th

segments. In the diamondback moth, Chow et al. (1976)

suggested that the main sex pheromone gland was present

in the 9th segment. Itagaki and Conner (1988) used dorsal

and ventral portions of the pheromone gland bearing

segments in Manduca sexta in conjunction with electro-

antennogram bioassays to show that maximal activity

resided in the ventral portion. However, the activity was

not signi®cantly different from that in the dorsal portion.

In H. zea, we corroborated for the ®rst time histological

evidence with chemical analysis to show that the pheromone

gland occupied a nearly complete ring. In the retracted

state of the ovipositor, the entire glandular area formed a

U-shaped fold, thus preventing the release of pheromone by

evaporation.

Most studies on the ultrastructure of pheromone glands in

Lepidoptera described only one type of glandular cell.

Hallberg and Subchev (1997) reported two cell types in

the moth Theresimima ampelophaga, namely gland cells

and wrapping cells. In H. zea, we also observed two distinct

shapes of glandular cells that shared common features; the

apical microvilli and pockets of granular material. Micro-

villi containing a core of smooth endoplasmic reticulum

have been reported in C. fumiferana (Percy, 1974), and

T. ni (Percy, 1979). Contrary to earlier reports, we did not

observe Golgi bodies. Extensive basal invaginations were

also reported in pheromone gland cells of T. ampelophaga

(Hallberg and Subchev, 1997). Lipid spheres of varying

sizes have been reported in the cytoplasm of phero-

mone gland cells in C. fumiferana (Percy, 1974), and

Argyrotaenia velutinana (Feng and Roelofs, 1977).

However, in M. sexta, Itagaki and Conner (1988) did not

observe lipid droplets in the pheromone gland cells. In T. ni,

pheromone glands produced pheromone soon after adult

eclosion and production was continuous thereafter (Tang

et al., 1991). Percy (1979) observed a major change in the

size and abundance of lipid spheres between pre- and post-

eclosion in T. ni glands. Recently, Zhao and Haynes (1997)
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Fig. 5. (a, b and c). TEM micrographs of vertical sections through cuticular hairs or projections: (a) pore canals (arrows) in the epicuticle and the layered

endocuticle; (b) electron dense material in the core of one of the projection and pore canals (arrows) in the epicuticle; (c) microvilli with pockets of granular

material extended into the core of another projection; (d) LTSEM micrograph of cuticular hairs in the gland area showing droplets of excretion (arrows).



reported that in T. ni, transport of the pheromone to the

gland surface is cyclic and possibly regulated by a PBAN

like hormone. No such changes in the number and size of

lipid droplets between photo- and scotophase were observed

in H. zea. Recently, Fonagy et al. (2000) using the enzyme

papain, separated the cellular layer from the cuticle in the

pheromone gland area of Bombyx mori and demonstrated

that only the former could produce the pheromone in vitro.

They also reported that the synthesis could be stimulated by

PBAN.

Since the above papers were published, a better under-

standing of pheromone biosynthesis in insects has been

achieved (Tillman et al., 1999). In H. zea, the fatty acid

precursor undergoes desaturation followed by reduction

and oxidation to yield the major pheromone component

(Jurenka et al., 1991). The ®nal oxidation step is mediated

by the enzyme alcohol oxidase present in the cuticle (Teal

and Tumlinson, 1988). Therefore, the pheromone gland

cells, besides producing the precursor, would be required

to produce the necessary enzymes. Pheromone biosynthesis

is activated during scotophase by PBAN. The material

visualized in the intercellular canals and the pockets of

granular material that we observed may represent various

stages of the pheromone that was being synthesized.

In contrast to the knowledge about the structure of the

pheromone glands in Lepidoptera, very little is known about

the physical aspects of pheromone release. No well marked

cuticular ducts have been seen leading from the pheromone

gland as described in the cockroach (Liang and Schal,

1993). The presence of ®ne pores in the cuticle, including

the cuticular hairs above the gland cells, and visualization of

droplets of material, preserved by low temperature SEM

technique may be indicative of the release of pheromone.

Similar droplets have been reported in M. sexta (Itagaki and

Conner, 1988). Interestingly, these droplets were only

observed in the area of the pheromone gland and only in

the scotophase females. These observations strengthen the

assumption that the secretion may in fact be the pheromone.

The pheromone gland occupies a rather narrow band, and to

maximize the evaporation of the pheromone, it is smeared

over a highly convoluted surface, during the rhythmic

protrusion of the ovipositor, often referred to as calling.
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